A laterally integrated, two-dimensional numerical model is used to examine the influence of the M 2 tide on the circulation in the Saguenay Fjord, a two-silled fjord (with a ''large'' inner and a ''small'' outer basin) located on the north shore of the St. Lawrence Estuary. It is found that the M 2 tide is more vigorous in the outer than in the inner basin and that more vertical mixing occurs in the outer basin. Therefore, the density at depth in the outer basin decreases faster than it does in the inner basin, and the resulting horizontal pressure gradient causes a bottom flow of water from the inner to the outer basin across the inner sill. This ''reverse renewal'' is evident in both the available observations and the simulation.
Introduction
The Saguenay fjord ( Fig. 1) is the southernmost northeast American fjord. It is located on the north shore of the St. Lawrence Estuary and is approximately 120 km long and 1-7 km wide. It has more than one sill, a shallow outer sill (ϳ30 m deep) near its mouth and two deeper inner sills [ϳ60 (120) m deep] about 20 (30) km farther up-fjord (Fig. 2) . In the literature, the Saguenay fjord is almost always described as having two sills, the outer sill and the shallowest of the inner sills; in this paper the ''shallowest, inner sill'' will simply be called the ''inner sill'' also. The fjord's other main feature is a Y-like embranchment at its head (Fig. 1a) ; Ha! Ha! Bay is approximately 95 km from the mouth, and the main channel is known as the North Arm.
The fjord is strongly stratified, primarily because of freshwater runoff but also because of intrusions of the St. Lawrence cold intermediate layer (Seibert et al. 1979 ). An estimate of the flushing time for the outer basin, neglecting the tides, yields a value of 65 days (Seibert et al. 1979) . Taking the tides into account, Therriault et al. (1984) estimate the flushing time to be between 0.9 and 3.1 days. Loucks and Smith-Sinclair (1975) estimate the flushing time of the inner basin to be between 2 and 6 months. Interestingly, Seibert et al. (1979) observed that, ''Of the 15 sections reported by Taylor, all but one show lower salinity and lower density water below 150 m depth in the outer basin compared with those at the same depth in the inner basin. On occasions, within the outer basin, the isopleths of salinity and density are seen to extend from 20 m Ͼ 150 m. '' Freshwater runoff from the Saguenay River at the head of the fjord ensures a thin and distinct surface layer ( Fig. 3 ) and a significant down-fjord surface flow. Very few current measurements exists for the surface layer. Therriault et al. (1984) and Seibert et al. (1979) report downstream total velocities (tides plus river) near the mouth of between 0.5 and 2.0 m s Ϫ1 during the ebb, from 18-h fixed stations. Gratton et al. (1994) used Knudsen's relationship to estimate a surface outflow of 0.7 m s Ϫ1 . Because the outer sill is quite shallow and the tides are strong (e.g., M 2 has an amplitude of about 1.5 m), the currents near the mouth can exceed 3 m s Ϫ1 . Farther up the fjord (upstream of the inner sill) the tidal currents are much smaller, with Schafer et al. (1990) reporting that during flood tide they are virtually imperceptible. However, current meters deployed in the North Arm for about a week in October 1993 measured tidal currents on the order of 0.1 m s Ϫ1 (Desruisseaux et al. 1993 ). The tidal currents were at times observed to be strong enough to reverse the estuarine circulation at depth.
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Little is known about how important the internal tide is in the Saguenay Fjord. Blackford (1978) proposed a nonlinear generating mechanism for internal tides over a sill and applied his two-layer model to a channel formed by the Saguenay and the St. Lawrence Estuary, but his analysis was restricted to the seaward propagating waves. Surprisingly little has been learned about the physics of the fjord since the pioneering paper of Drainville (1968) . The latest review of the physical oceanography of the Saguenay (Schafer et al. 1990 ) is still based on hydrographic sections from the unpublished reports of Loucks and Smith-Sinclair (1975) and Taylor (1975) . This paper is the first to examine the internal tide in the Saguenay.
In tidally energetic, stratified fjords, energy can be removed from the surface tide at a significant rate because of the interaction of the tide with the sill(s) of the fjord. Some of the extracted energy is dissipated immediately through friction, but internal motions (i.e., hydraulic jumps, lee waves, internal tides, etc.) are also generated, and in many cases these internal motions are very energetic. De Young and Pond (1989) looked at the partition of tidal energy in three fjords (Burrard Inlet/Indian Arm, Knight Inlet, and Observatory Inlet) and found that energy transfer to the internal tide was important in all three cases, particularly for Observatory Inlet and Knight Inlet. Frictional processes appeared to dominate in Burrard Inlet/Indian Arm because Burrard Inlet is quite shallow (less than 50 m deep) over much of its length (about 20 km). High-frequency internal waves were reported to account for about 2% of the energy extracted from the surface tide. Stacey (1984) and Stacey and Zedel (1986) also found that the internal tide likely extracts much of the energy from the surface tide in Observatory Inlet. Stacey (1985) and Stacey and Pond (1992) found that the internal tide is important in Knight Inlet. Stacey and Pond (1992) calculated (using the results from their numerical model) that the energy flux of the M 2 internal tide decreases quite quickly as it propagates away from the sill, a calculation supported by the later acoustic Doppler current profiler (ADCP) observations of Marsden and Greenwood (1994) . This decrease occurs because of changes in the cross-sectional area of the inlet. Stigebrandt (1999) has recently developed a simple model of baroclinic wave drag caused by internal waves and has applied it to Oslo Fjord, Knight Inlet, and the Indefjord. The internal tide is not important in all tidally energetic fjords however. Tinis (1995) found that for Sechelt Inlet it is direct frictional dissipation over the sill that accounts for almost all of the energy extracted from the surface tide, at a rate of about 42 MW. Two-dimensional (i.e., laterally integrated), numerical models of long, narrow inlets are quite successful at realistically simulating the observed circulation (e.g., Lavelle et al. 1991; Gillibrand et al. 1995; Stacey et al. 1995) . The model of Stacey et al. (1995) , the model used in this study, successfully simulated much of the circulation in Knight Inlet, including the tidal component of the circulation, and the wind-forced and freshwater-runoff-forced components of the near-surface circulation. Temperature and salinity observations were used to develop an initial density field, and the density was allowed to evolve (with the velocity field and surface displacement) as a function of time. The level 2.5 turbulence closure scheme of Mellor and Yamada (1982) was used to parameterize the vertical diffusion coefficients. Stacey and Pond (1997) improved the ability of the model to simulate the near-surface circulation by modifying the turbulence closure scheme by changing the surface boundary condition for the turbulent kinetic energy q 2 ; instead of specifying q 2 at the surface [the method used by Mellor and Yamada (1982) ] the flux of q 2 was specified using the boundary condition of Craig and Banner (1994) .
One purpose of this paper is to examine the influence of the tides on the circulation in the Saguenay Fjord using a laterally integrated numerical model. The model will correctly simulate that 1) the tides are stronger in the outer than in the inner basin, 2) the density at depth can be less in the outer than in the inner basin, and 3) there can be a bottom flow of water from the inner to the outer basin.
Another purpose of this paper is to analyze the mechanical energy budget in the Saguenay Fjord. The relative importance, according to the numerical model, of the tides, the subtidal flow, and the freshwater runoff will be calculated, and how the energy flux is distributed in the fjord and in what form will be determined.
The model
The laterally integrated, nonlinear, hydrostatic equations of motion are solved numerically using the Mellor and Yamada (1982) level 2.5 turbulence closure scheme to prescribe the vertical diffusion coefficients for momentum, mass, and turbulent kinetic energy. The vertical resolution near the surface is not constrained by the range over which the surface displacement varies because the vertical, Cartesian z coordinate (positive in the downward direction) is transformed to the ẑ ''quasiCartesian'' coordinate using
where (x, t) is the surface displacement (positive in the upward direction) and H(x) is the water depth (as a function of the alongchannel position x) relative to the mean position of the sea surface. Note that ẑ ϭ 0 when z ϭ Ϫ, so it always equals zero at the surface. The model, as it is applied in this study, differs from its use in Stacey et al. (1995) [as modified by Stacey and Pond (1997) ] in two ways. First, the coefficient in the Smagorinsky, horizontal diffusion term for density is decreased from ␥ ϭ 0.2 to ␥ ϭ 0 so as to minimize the horizontal diffusion of mass. [Stacey et al. (1995) use ␥ ϭ 0.2 for the density, the momentum, and the turbulent kinetic energy.]
The second difference is in how the density at the open boundary is specified. For Knight Inlet there were monthlong observations of density at the open boundary of the numerical model, so the model density as a function of time and depth could be prescribed at the open boundary. During periods of inflow the observed density was prescribed, and during periods of outflow a radiation condition was applied. Such data do not presently exist for the Saguenay, so the density at the open boundary was held constant (in ẑ space) during periods of inflow [it varied in z space according to (1)], using the initial density profile. That is, the tide was assumed to be barotropic at the open boundary during inflow periods. Dunbar and Burling (1987) The open boundary of the model was placed sufficiently far down-fjord so that the outer sill could be included within the model's domain (Fig. 1b) . This meant placing the open boundary where the motion could be three-dimensional in nature. Also, in this region of the fjord there are substantial tidal flats that are submerged at high tide but not at low tide. The surface width of the fjord in this region was chosen to be the 3-m isobath at low-low water. The slope of the fjord's walls at depths greater than 3 m tends to be much greater than it is at depths shallower than 3 m.
The spatial grid for the numerical model is shown in Fig. 2 . Details of the numerical scheme can be found in Stacey et al. (1995) , and the references listed therein.
The mechanical energy balance
Because a focus of this paper is on the mechanical energy balance in the fjord, the laterally integrated mechanical energy equation in (x, ẑ, t) space will be presented here. The mechanical energy equation can be expressed as (e.g., Gill 1982)
where u ϭ (u, , w) is the three-dimensional velocity, the density, p the pressure, w the vertical velocity, g the acceleration due to gravity, and the dissipation rate. The term involving the eddy viscosity represents the diffusive flux of mechanical energy, and is different in the horizontal and vertical directions and spatially variable. For the laterally and depth-integrated case, transformed to (x, ẑ, t) space, the mechanical energy equation (2) can be expressed as
is the determinant of the Jacobian of the transformation (1). The density ϭ 0 ϩ Ј where 0 is a constant (1 g cm Ϫ3 ) and Ј is everything else, including the depth variation in the mean density profile. The term B(x, ẑ, t) is the fjord width, u (x, t) the alongchannel velocity at the surface, W f (x, t) the vertical velocity associated with the freshwater runoff, and A H (x, ẑ, t) the horizontal eddy viscosity. The term p Ј in (4) is not used in (3), but it will be used below when (3) is time averaged for the tidal contribution to the energy flux.
Within the brackets of the first term on the rhs of (3) is the sectionally-integrated energy flux. The first two terms within the brackets represent the energy flux due to the pressure, which here will be called the flux due to the ''internal'' tide and the ''surface'' tide, respectively. The quotes are used because the first term contains the influence of the depth variation in the mean density profile, which some may consider to be part of the energy flux due to the surface tide. Also, a strong internal tide can have some influence on the surface displacement. The third and fourth terms within the brackets are the advective and diffusive fluxes, respectively. The second term on the rhs of (3) represents the time rate of change of potential energy, and it differs qualitatively from the corresponding term in (2) because of the second term within the brackets, which arises because the spatial coordinate ẑ is not fixed in time relative to z. The third term on the rhs of (3) has no counterpart in (2), although there would be an analogous term in (2) if the fluid were compressible (e.g., Gill 1982) . The fourth term on the rhs, the sectionally integrated dissipation rate , has four components, representing dissipa-⑀ 0 tion due to bottom and sidewall stress and due to the horizontal and vertical diffusion of momentum. They are
where C D and C f (x, ẑ) are the bottom and sidewall drag coefficients, respectively, and A V (x, ẑ, t) is the vertical eddy viscosity. The bottom drag coefficient was set to C D ϭ 0.003, and C f differs from C D only in that it is multiplied by a spatially dependent term that accounts for the fact that the sides of the fjord are sloping. The last term on the rhs of (3) gives the rate at which energy is being input into the fjord by the inflowing river water. A term for the wind stress could also be included in (3), but the winds were not considered in these simulations. In this paper, an emphasis is on the energy flux of the M 2 tide, so the flux terms in (3) will be time averaged over a tidal cycle by assuming that the dependent variables take the form x ϭ ϩ x 0 cos(t x Ϫ x ), where x can be u, , or p Ј, and the mean , x amplitude x 0 , and phase x come from harmonic analysis of the output from the numerical model. The mean surface displacement is small relative to 0 , so it will be neglected, but the other mean values are included because they can significantly influence the fluxes.
The time-averaged energy flux of the internal tide, taking into account the mean and a single tidal constituent, is composed of a number of terms and is expressible as
where (Stacey et al. 1995 ) the approximation Bd ഠ B 0 ϩ B 1 is used, where B 0 (x, ẑ) and B 1 (x, ẑ) are not functions of time. The first term on the rhs of (7) involves only mean quantities and has nothing directly to do with the internal tide. (The influence of the subtidal flow on the energy flux will be discussed in section 7.) The second term represents a flux of internal tidal energy, and for a fjord in which there was no mean flow and nonlinearities were unimportant it would be the only important energy flux term for the internal tide. The third term is nonzero only if there is a nonzero mean velocity. The fourth term does not include tidal fluctuations in the density field, and one might prefer to consider the energy flux associated with it as being part of the surface tide. If
were not a function of ẑ, this pЈ term could easily be incorporated into the term for the surface tide in (3) by simply adjusting the value of the constant 0 . The fifth term represents a small modification to the energy flux caused by the fact that the cross-sectional area of the fjord varies somewhat with the tide as the surface goes up and down.
For the surface tide we have
The first term on the rhs of (8) is the most important term. The last term is a small correction due to the mean flow. The advective energy flux becomes The second and third terms on the rhs of (9) represent the advective flux of tidal energy. Because of the term in the Smagorinsky diffusive coefficient involving the absolute value operator, the mathematical expression for the diffusive energy flux, after averaging over a tidal cycle, is complicated and unenlightening. It turns out to be very small and will not be discussed here. The diffusive flux due to the entire flow field will be discussed in section 7.
The data
CTD profiles were collected in June 1992 (Figs. 1  and 3 ). The coverage is reasonably good, except in the outer basin where the one CTD profile from there goes no deeper than about 90 m. Daily averages in 1992 of freshwater inflow from the Saguenay River (the daily inflows varied between about 1000 and 1800 m 3 s Ϫ1 ) are available. The tides have been monitored at three locations along the fjord (Tadoussac, Port-Alfred, and Chicoutimi), although there is a permanent tide gauge only at Port-Alfred. The harmonic constants from Tadoussac (Table 1) were used to construct the time series of the surface displacement at the open boundary of the model.
No current meter moorings were deployed in the Saguenay when the CTD profiles were collected, but moorings were deployed during September-October 1979 (Fig. 1b, Table 2 ) for periods ranging from about a half day to about 25 days. (No CTD profiles are available for that time period.) Stations 1, 5, and 339 are located on the inner sill. Observations were made at station 5 at one depth for only a half day, so this station will not be considered further. Observations were made at only one depth at stations 339 and 336 also, so they will not be considered either. Observations were made at three depths at station 1 for almost 25 days, so they will be compared to the model. All the other stations are either located in the outer basin or outside the domain of the model. The locations that are not outside the domain of the model (stations 335, 337, and 338) will be compared to the model. Since these observations were not made when the CTD profiles used to initialize the model were made, one would not necessarily expect the observations and the simulation to agree. However, it will be shown that away from the open boundary and the bottom of the outer basin there is reasonable agreement. The observations and the simulation will be compared by harmonically analyzing each time series of velocity and comparing the means and the M 2 tidal constituent. The observed time series are not all of the same length, so the same number of constituents are not fit to each time series. Refer to Table 1 to find out which constituents were fit to each time series.
Comparison of the observations and the simulation
To initialize the model, the CTD profile from station 30, located near the middle of the inner basin, was used. Therefore the initial density field (Fig. 4) was horizontally homogeneous. It was specified in this way to show, using the simulation, that the densities in the two basins become different even if they are initially the same. The CTD measurements are not from the same time period as the observations from the moorings (and there are no CTD measurements from the deep part of the outer basin), so there is no way to guarantee that using all of the CTD profiles would result in a better initial density field. Another simulation was run using all of the CTD profiles to initialize the density field [the density in the deep part of the outer basin was estimated by linearly extrapolating the one CTD profile (station 48) from the outer basin], and the biggest difference between the two simulations is in the amplitude of the M 2 density near the surface in the outer basin.
The simulated, alongchannel velocity and density were harmonically analyzed using the constituents listed in Table 1 . The mean density field, after 30 days of simulation time, is shown in Fig. 5 , and one sees that even though the densities in the two basins were initially the same, the mean density in the outer basin tends to be lower than the mean density in the inner basin at the same depth. Evidently more mixing has occurred in the outer than in the inner basin. This result is consistent with the observation of Seibert et al. (1979) that the density at depth tends to be lower in the outer basin. Figure 6 shows the mean velocity field in the outer basin. (The mean velocity below the fresh, surface layer is much weaker in the inner basin.) Note that the outer basin is being renewed by inflow from the inner basin. This ''reverse renewal'' occurs because the density in the outer basin tends to be less than the density at the same depth in the inner basin. In fact, according to the model, the water flowing into the outer basin from the inner basin is sufficiently dense to penetrate from its entrance depth of about 60 m to a depth of about 150 m. Figure 7 shows the amplitude and phase contours for the M 2 velocity. The amplitude field (Fig. 7a) shows that the tide is significantly more intense in the outer basin than in the inner basin. In the outer basin and over the inner sill, the tide is significant over the entire depth of the water column. This result is consistent with the observation of Schafer et al. (1990) that the tides are weaker up-fjord of the inner sill. The cross-sectional area of the fjord constricts significantly in the region of the inner sill, evidently trapping much of the internal tidal energy in the outer basin. It will be shown in the next section that this energy is a major energy source for the extra mixing in the outer basin. [In the inner basin, velocity amplitudes (not contoured) greater than 10 cm s Ϫ1 are attained, so the tides there, although smaller than in the outer basin, are not negligible.] Figure 8 shows the mean velocity profiles from the four locations for which there are relatively complete observations (stations 335, 337, 338, and 1). Not surprisingly, the biggest discrepancy between the observations and the simulation is at station 335 (Fig. 8a) near the open boundary of the model. At the other three locations the observations and the simulation are in better agreement. Strong inflow immediately below the outflowing surface layer is evident both in the model and in the observations at stations 337 and 338 ( Fig. 8b and  8c ). It is interesting that the bottom current meters at both station 337 and station 338 show down-fjord flow, contrary to the prediction of the model. At station 338, the model and the observations disagree only at the bottom current meter. This down-fjord flow suggests that some sort of renewal process may be occurring and that the deep water of the outer basin, at the location of the current meters, is coming primarily from the inner basin. Station 1 (Fig. 8d) , which is located on the upfjord side of the inner sill, shows that there is indeed an inflow of water into the outer basin from the inner basin. The model predicts a bottom flow into the outer basin also, but with an inflow into the inner basin at middepth over the inner sill. (The simulation that uses all of the available CTD data to initialize the model also predicts a bottom flow into the outer basin.) If anything, when compared to the observations, the model is producing a somewhat weaker inflow into the outer basin. Figure 9 shows the amplitude and phase profiles for the M 2 velocity. As was the case for the mean velocity at station 335 (Fig. 8a) , the simulation produces an M 2 velocity profile there that is very different than that of the observations (Figs. 9a and 9b) . Although the phase profiles are quite close, the simulated amplitudes are about twice as large as those produced by the observations. At stations 337, 338, and 1 however the model and the observations are in closer agreement. Amplitudes close to 50 cm s Ϫ1 are observed and predicted, and although there are no observations from the surface layer, the model predicts amplitudes larger than 1 m s Ϫ1 near the mouth of the fjord there. The tide is obviously very energetic in the outer basin, and it is a likely source for the extra mixing that occurs there.
Rough estimates of the errors in the observations suggest that the simulated and observed means are in disagreement at station 335 and at station 338 at 222 m. The notable lack of agreement at station 335 is attributed primarily to the three-dimensionality of the flow field there and that the observations are from a location very close to the open boundary of the model. The lack of agreement at station 338 may be due at least in part to the fact that the depth of penetration of the reverse renewal is sensitive to the (unknown) details of the density field in the outer basin. The inflow from the inner basin could be made to go to the bottom of the outer basin by sufficiently decreasing the initial density in the outer basin.
For the M 2 tidal velocity, the observed amplitudes at station 335 are significantly different than those of the simulation. Again, this is attributed to three-dimensionality and proximity to the open boundary. The shallowest observed M 2 phases at stations 337 and 338 are not in close agreement with those of the simulation. In addition to the reasons already stated, these differences can be attributed in part to the fact that the observations were collected at most for only 11 days and that therefore the M 2 and S 2 tides were not separately solved for in the harmonic analysis of the observations.
The energetics of the M 2 tide
The energy flux of the M 2 surface tide along the fjord [the first term on the rhs of (8)] is shown in Fig. 10a . The flux at the mouth is 57 MW. The simulation that uses all of the CTD data to initialize the density field gives an energy flux of 48 MW at the mouth. (An un- Table 2 to find the length of each time series from which the observed means were calculated. stratified simulation gives a flux of 12 MW at the mouth, so it is evident that stratification plays an important role in the rate at which energy is removed from the surface tide.) Because (contrary to the unstratified case) the energy flux of the surface tide (Fig. 10a) does not decrease monotonically along the entire length of the fjord, the horizontal divergence of the flux cannot be everywhere balanced by dissipation. Baroclinic and/or rectified motions are obviously important in the stratified case. (The basic mechanical energy balance for the total flow field will be discussed in section 7.) Figure 10b shows the second term on the rhs of (8) and we see that the mean velocity makes a very small contribution to the energy flux of the surface tide. Figure 11a shows the second term on the rhs of (7) along the fjord. One sees that this term representing the internal tide is very important. There is an energy flux of over 10 MW out of the fjord, so according to the model not all of the energy removed from the surface tide stays in the fjord. The up-fjord energy flux of about 20 MW at about 90 km is a very significant component of the tidal, energy flux in the fjord. Note that this flux occurs where the energy flux due to the surface tide is down-fjord, near the inner sill. The internal flux tends to be of opposite sign to the surface flux over a significant portion of the fjord. Note also that the large fluxes are confined to the outer third of the fjord. Figure 11b shows the third term on the rhs of (7) and one sees that the mean velocity has a negligible influence on the energy flux of the internal tide. Figure 11c shows the fourth term of (7) (the term that one might consider being part of the surface tide) and, although it is less important than the second term, it is nonetheless significant. Near the head of the fjord, the fourth term is more important than the second term with an up-fjord flux of about 2 MW about 20 km from the head. Figure  11d shows the last term of (7), and it is clearly unimportant. Figure 12a shows the second term on the rhs of (9), and we see that in the outer basin the advective, tidal, FIG. 9. (Continued ) energy flux caused by the mean velocity is significant. It has peaks, positive and negative, near the sills (including the deep, inner ''third'' sill), but its maximum positive (down-fjord) value occurs where the fjord constricts near Tadoussac. It is noteworthy that the advective energy flux is smaller along much of the fjord than the energy flux associated with the internal tide (Fig.  11a) . Figure 12b shows the third term on the rhs of (9), and one sees that it is not important. If there were no mean flow, the advective, tidal, energy flux would be very small. Figure 13 shows the sum of all the terms contributing to the sectionally integrated energy flux. It almost, but does not quite, vary monotonically along the fjord, so the total energy flux due to the M 2 tide cannot be balanced by dissipation alone at all locations along the fjord. Figure 13 shows that according to the model most of the tidal energy is dissipated or used for mixing in the outer third of the fjord. Note, as one would expect, that the slope of the curve tends to be largest in magnitude near the two sills. The slope is particularly large near the outer sill, close to the open boundary of the model. There are presently no observations to confirm this rapid change, and, because it happens so close to the open boundary, it (and the large net flux of about 48 MW) should be treated with caution. According to the model, energy is removed from the surface tide at a very rapid rate at the outer sill, and a significant amount of this energy (see section 7) is dissipated in the immediate vicinity of the sill before it can propagate away and contribute to mixing within the fjord. Although confirmation of this result for the Saguenay must await further studies, it would not be without precedent. Tinis (1995) found that almost all of the energy removed from the surface tide (at a rate of approximately 42 MW) in Sechelt Inlet was dissipated at the sill.
The energetics of the total circulation
First, bulk values of the terms in (3), calculated for the total flow, are tabulated in Table 3 . They were obtained by integrating (3) along the length L of the fjord, and averaging each term in time over the length of the simulation (30 days). For the flux terms making up the VOLUME 31 first term on the rhs of (3), this just means giving their values at the open boundary of the model. (The diffusive flux at the head of the fjord is very small, and the other fluxes there are zero.) There is a residual of 0.77 MW [i.e., the term on the lhs of (3) differs from the sum of the terms on the rhs by 0.77 MW], which means that the terms of (3), as calculated from the model output and tabulated in Table 3 , have some error associated with them. Given that there is truncation error in the space and time differencing used in the model, that the terms are calculated from output that is stored hourly, and that it is not completely unambiguous how each term should be numerically calculated anyway, this magnitude of residual is considered acceptable.
The temporal term 1 (see Table 3 ) is unimportant to the overall balance. Bottom and sidewall friction [i.e., terms 5(i) and 5(ii)] account for about 24 MW of dissipation, while the horizontal and vertical diffusion terms account for about 17 MW of dissipation, so both internal and boundary dissipation are important according to the numerical model. There is intense dissipation near the outer sill, and it is calculated that the total rate of dissipation within 2 km of the outer sill is about 14 MW.
Term 3 indicates that about 15 MW is going into mixing the water column and increasing its potential energy.
[Negative values imply increasing potential energy because they imply decreasing kinetic energy; see Eq. (3).] It is this mixing that alters the density in the outer basin and induces the reverse renewal. When this potential energy flux is added to the dissipation rate, one obtains 56 MW, which is only about 10 MW greater than the total energy flux into the fjord of M 2 tidal energy alone (Fig. 13) . (A significant amount of this 10 MW is accounted for by the net S 2 energy flux, which is about 3.5 MW at the open boundary.) The sum of terms 2 and term 6, which is the total, net energy flux into the fjord, is also 56 MW. Term 6 is the energy flux into the fjord due to river runoff, and at 1.1 MW it is much less than the energy flux of the tides into the fjord at the open boundary. Obviously however the fresh water supplies much of the stratification needed for the internal tide to exist in the first place. Figure 14 shows the energy flux terms as a function of horizontal position [i.e., terms 2 of Table 3 , but not just x ϭ L]. The energy flux due to the surface displacement (Fig. 14a) is very similar to that of the M 2 tide alone (Fig. 10) , showing, according to the numerical model, the tremendous importance of the M 2 tide. Figure 14b shows the energy flux due to the baroclinic pressure pЈ [see (4)]. Although at the open boundary this flux is much less than that of the surface flux (Fig. 14a, and Table 3) , in the region of the outer basin in particular it can be very large in magnitude, reaching, on the down-fjord slope of the inner sill where the reverse renewal occurs, a value greater than 150 MW. There is also a down-fjord energy flux of more than 100 MW on the down-fjord slope of the deeper ''third'' sill. These fluxes are far greater than the net rate at which energy is being fed into the fjord and they show that a significant redistribution of energy is occurring in the fjord because of the subtidal circulation. [Recall that the maximum contribution to this term by the M 2 tide is about 20 MW (Fig. 11a ).] Note also (Fig. 14b) that at the head of the fjord the energy flux is very small, but that away from the head (but still in the inner basin) it increases to over 30 MW in the down-fjord direction. This value is much greater than the 1.1 MW input by the fresh water runoff. Figure 14c shows the advective energy flux along the fjord, and it is significant although tending to be much less in magnitude than the energy flux caused by the baroclinic pressure. The subtidal currents causing the reverse renewal evidently do not redistribute energy primarily by advection. The largest advective flux (ϳ20 MW) is down-fjord where the fjord constricts near Tadoussac. Figure 14d shows the diffusive energy flux along the fjord, and one sees that it is very small. With a maximum magnitude of about 0.4 MW, it does not make a significant contribution to the total flux.
The solid line in Fig. 15 shows the potential energy term (term 3 of Table 3 , but not horizontally integrated). In the inner basin it is very small in magnitude relative to the values it takes in the outer basin, and it is very variable in the outer basin, taking both positive and negative values. Plotted over the potential energy term as a dashed line is the horizontal derivative of the sum of the energy flux terms. (Recall that these terms are plotted in Fig. 14. ) This dashed line represents the negative of all of the first term on the rhs of (3), time averaged over the 30 days of the simulation. One sees that it is almost the same as the potential energy term. This means that the dominant mechanical energy balance in the fjord (for the sectionally integrated flow) is between the horizontal divergence of the energy flux (which is dominated by the contribution of the baroclinic pressure gradient) and the rate at which the potential energy is changing. Note, however, that this balance does not hold near the open boundary of the model, where tidal energy is dissipated at a large rate in the immediate vicinity of the outer sill.
The relationship between the rate at which energy is removed from the surface tide and the rate at which energy goes into mixing has long been a subject of study (e.g., Stigebrandt 1976; Stigebrandt and Aure 1989; de Young and Pond 1986; Tinis 1995) . The flux Richardson number, taken to be the rate at which energy goes into mixing in the basin of a fjord divided by the rate at which energy is removed from the surface tide, has been found to lie somewhere between about 0.03 and 0.08. For the Saguenay Fjord (see Table 3 ) the total, simulated, energy flux into the fjord (about 56 MW) is, as discussed above, mostly tidal in origin. Also, about 15 MW goes into increasing the potential energy. The ratio (15/56 ഠ 0.27) lies far outside the range 0.03-0.08. However, this value is for the fjord as a whole, including the outer basin where the subtidal currents are strong and cause much more mixing than would otherwise be the case. The values quoted from the other studies are primarily for regions of fjords below sill depth, where wave motion is the dominant source for turbulent mixing.
When one excludes the outer basin and considers only a part of the inner basin where the subtidal currents below sill depth are not strong (from the head of the fjord to 60 km from the head; see Fig. 6 ), the rate of change of potential energy is 21 MW. This value indicates a large rate of decrease in the potential energy in the inner basin and therefore it cannot be related to mixing processes. It is almost entirely related to the estuarine outflow of water near the surface and is balanced by the energy flux terms. That is, the dominant balance in the inner basin, as discussed two paragraphs ago, is between the horizontal divergence of the energy flux and the rate at which potential energy is changing.
When the rate of change of potential energy is calculated only for the deeper part of the inner basin (between 22 and 60 km from the head and between 102 m and 201 m depth) one obtains Ϫ1.35 MW, which means that the potential energy there is increasing with respect to time and can therefore be associated with mixing. Dividing this value by the net rate at which M 2 tidal 
Summary and conclusions
The tides have been shown to have a very important influence on the circulation in the Saguenay Fjord. Much of the energy withdrawn from the surface tide dissipates or goes into mixing in the outer basin. Because there is more vertical mixing in the outer than in the inner basin, the density at depth in the outer basin decreases faster than it does in the inner basin. The resulting horizontal pressure gradient causes a bottom flow of water across the inner sill from the inner to the outer basin, where it can penetrate to depth. Over the inner sill, both the model and the observations show that there is a mean bottom inflow of water from the inner to the outer basin. The model simulation is consistent with the observations (Seibert et al. 1979; Schafer et al. 1990 ) that the tidal currents are smaller in the inner basin and that the density at depth in the outer basin can be less than it is at the same depth in the inner basin.
VOLUME 31 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y
Much of the energy removed from the surface tide is fed into the internal tide. A lesser but still significant amount of tidal energy is advected by the mean flow velocity. Integrated over the volume of the fjord, and time averaged over the 30 days of the simulation, there is a net energy flux into the fjord from all sources of about 56 MW, most of it tidal in origin. Of the 56 MW, 41 MW is dissipated and 15 MW goes into mixing (i.e., into increasing the potential energy). A significant amount of the 56 MW (25%) is dissipated within 2 km of the outer sill. We caution that although the large rate at which energy is predicted to be removed from the surface tide at the outer sill is not unprecedented (e.g., Sechelt Inlet; Tinis 1995), the outer sill is located very near the open boundary of the model.
The subtidal currents play a large role in the redistribution of energy within the fjord. The energy flux caused by the subtidal currents, through the baroclinic pressure, can exceed 150 MW in the outer basin. The advective energy flux tends to be smaller but can exceed 20 MW.
The sectionally integrated, rate of change of potential energy along the fjord can be both positive and negative, and it is very variable in the outer basin. It is one of the most important terms in the mechanical energy balance. Along much of the length of the fjord, it is in balance with the horizontal divergence of the energy flux (which is dominated by the flux caused by the baroclinic pressure). One location where this balance does not hold however is near the open boundary of the model where tidal energy is dissipated at a large rate in the immediate vicinity of the outer sill.
The 15 MW that goes into increasing the potential energy in the fjord is a significant fraction of the 56 MW that goes into the fjord in total. Their ratio (0.27) is much larger than other values that have been presented in the literature (0.03-0.08). However, this ratio (0.27) is for the fjord as a whole, whereas the other values are primarily for regions of fjords below sill depth where wave motion is the dominant source for mixing. In the outer basin of the fjord being considered here, where subtidal currents are strong, wave motion is not the only source of mixing. When the rate of change of potential energy below sill depth in the much more quiescent inner basin is compared to the total M 2 energy flux into the inner basin, the ratio is 0.075, which is within the range of values that have been presented elsewhere in the literature. This result suggests that the model is producing the correct order of magnitude of diapycnal mixing in the inner basin. Further refinements await further observations.
One aspect of the circulation that the model does not (and cannot) explain, is the component of the circulation forced by the exchange of water between the fjord and the St. Lawrence Estuary. There is a mean bottom flow of water into the fjord across the open boundary of the model, but it is at least in part a function of the prescribed boundary conditions there. An accurate simulation of the exchange will certainly require a threedimensional model with an open boundary placed well away from the mouth of the fjord. Even though both the observations and the model show a mean, bottom flow of water from the inner to the outer basin, if the inner basin is ever to be renewed it must be that on occasion the inner basin is flushed by water from the outer basin. This flushing may be initiated and/or enhanced by inflow across the outer sill from the St. Lawrence Estuary. As mentioned earlier, the flushing time for the inner basin has been estimated to be 2-6 months (Loucks and Smith-Sinclair 1975) but complete documentation and simulation of this flushing awaits further observations and modeling studies.
